The function of the cerebral tissue depends critically on the use of oxygen, its energy turnover being mainly based on glycolytic aerobic metabolism. An impairment in the rate of consumption, because of a failure of either supply or use, often constitutes a pathological condition. It follows that a study of the cerebral blood flow (CBF) and the cerebral oxygen consumption (CMRO2) at a regional level is a direct and rational method of investigating cerebral physiology and pathology. The first clinical study of CMRO2 and CBF was presented by Kety and Schmidt (1948) . Their technique required continuous sampling of arterial and jugular bulb blood, and provided an average measurement of CMRO2 and CBF for the hemisphere investigated. This method has been used extensively in clinical research but has a limited resolution for investigating focal disease.
While a large number of regional CBF studies have I Preseint address: Department ott Neuropsychiatry, Institute otf been presented over the last 20 years, the first regional assessment of CMRO2 in man was published by Ter-Pogossian et al. in 1970. This method involves a carotid artery injection of oxygen-15 (2.1 min T!) labelled red cells to provide the single passage extraction of oxygen, followed by a similar injection of labelled water for the regional CBF determination. This technique requires the use of heavily shielded single probes for external recording and so limits the spatial resolution that can be achieved. These methods, although they provide absolute values of CMRO2, have limited application because of their invasiveness.
A non-invasive approach to studying regional metabolism and flow has recently been published by Jones et al. (1976a) . The steady state distribution of radioactivity within the brain achieved during the continuous inhalation of oxygen-15 is recorded with a gamma ray imaging device. This distribution is related to the regional oxygen uptake, while a repeat procedure using oxygen-15 labelled carbon dioxide produces a distribution related to regional cerebral circulation. The ratio between the oxygen 1 G. L. Lenzi, T. Jonies, C. G. McKetnzie, P. D. Bluckiniglialii, J. C. Clark, and(c S. Moss use and circulation images theoretically provides the distribution of the oxygen extraction ratios. The non-invasiveness of this approach, and the indication that relationships between regional oxygen use and flow may be obtained, stimulated us to apply the technique to a series of normal subjects and neurological patients.
This paper summarises the main observations obtained in a group of 25 normal subjects and over 100 neurological patients who were investigated over a six month period, and serves to provide a general insight into the value of this approach.
Theory
The theory underlying the 15O2 C'5O2 inhalation method was described by Jones et ail. (1976a It has been confirmed experimentally that this is the principal fate of the extracted oxygen-15 (TerPogossian et al., 1970) , and that contributions to the head signal arising from the presence of oxygen-15 labelled red cells and recirculating H2150 metabolism amount to less than 30% of the total (Jones et al., 1976a) . The continuous inhalation of oxygen-15 results in the radioactivity in the tissue reaching a point of equilibrium. This steady state represents the balance between the continuous formation of H2150 metabolism, due to the aerobic glycolytic activity of the brain, and the removal of H2150 metabolism through radioactive decay and perfusion washout (Jones et al., 1976a) . When equating these dynamic processes, the regional H2150 metabolism signal is given as:
H2150 met. (F) independently. This is achieved by repeating the continuous inhalationi study using oxygen-I S labelled C'502. This procedure results in Hl2'0O being continuously produced in the lung capillary blood (West and Dollery, 1962) . Thus the steady state head signal due to the circulating H2 'O (HI2'0O circ.) will contain no metabolic component but only the combined blood flow and radioactive decay terms that are present in the H2'5O metabolism signal: (Clark and Buckingham, 1975 The corresponding absorbed doses to the blood are 70 millirads and 110 millirads, and to the gonads 15 and 25 millirads. The computer-stored images were then corrected for the non-uniformity of the Anger camera, smoothed, and displayed for photography. In addition the regional counts were normalised to the counts contained within the area of maximal uptake and printed out in matrix form for subsequent digital analysis.
Results
The study was performed on 127 subjects, 25 normal volunteers and 102 patients. The Table summarises the two groups, with respect to mean age and sex projection there is more cerebral tissue. In addition to the shape-dependence, a definite uptake pattern is superimposed which was largely similar in all the normal subjects investigated under the age of 50 years. The inferior part of the brain had two regions of maximal H2150 metabolism activity, one in the supratentorial region, in the middle part of the temporal lobe, the other in the posterior fossa, at mesencephalic pontine level. Although the distribution of H2150 circulation activity is similar, these two regions are less prominent. In the superior part of the brain, regions with lower activity are intermingled with regions of greater activity in both the H2'50 metabolism and H2'50) circulation distributions. This aspect must be referred to the presence of "'areas containing white matter and ventricles" (Jones et al., 1976a) . Furthermore, there is a suggestion of a contribution to physiological activity of the different cortical regions, a finding also observed by other authors (Wilkinson et al., 1969; Risberg et al., 1975) . In addition to the analogue picture obtained from the computer, the corresponding numerical matrices were used for an objective analysis of regional cerebral uptake. In both the H2 metabolism and H21'5 circulation distributions, six regions, each approximately 6 cm2 in area, were selected (frontal, motor, parietal, occipital, temporal, and pontomesencephalic). The average matrix count within each region was ratioed to the average matrix count contained within the region of maximal uptake, which was usually the middle temporal lobe or the pontomesencephalic region. These regional ratios have been designated as Metabolic Ratios (MRs) and Perfusion Ratios (PRs) for the '502 and C'502 studies respectively. In turn, the six regions evaluated within the H,'-0 metabolism distributions (Metabolic Ratios) were normalised to the corresponding regions in the H2 50 circulation distributions (Perfusion Ratios). This theoretically provides a distribution of the OER which is largely independent of geometrical factors (see equation 3 in Theory Section). Although quantitative, there will be a background superimposed on the regional Perfusion, Metabolic, and Oxygen Extraction Ratios of the ipsilateral hemisphere because of radioactivity in the contralateral hemisphere. This contribution will be variable and will tend to reduce the sensitivity which these ratios have for detecting perturbations from the normal. Figure 3 illustrates the results of applying this analysis to data obtained in the normal subjects. The mean value and the standard deviation from the mean for these indices in the six regions chosen for the analysis are shown. Since the age of the normal subjects ranged from 22 to 71 years, an increase in the variability was to be expected because of the CBF and CMRO2 decrease in aging (Scheinberg et al., 1953 circulation, a regional increase in metabolism and circulation, and an imbalance between the regional metabolism and circulation.
Regional cdecrease in m1wetabolismti and circlulcationi The most common instances of a parallel decrease in the H201O metabolism and H21 0 circulation uptakes were seen in stroke patients who had a permanent occlusion of the affected cerebral arteries, atnd in patients with primary malignant and secondary brain tumours. All these pathological processes produce gross variations in both the neuronal activity and cerebral function. The parallel circulatory decrease observed was either the primary cause of the disease, as in the strokes, or signified a lower metabolic demand from the tumour's cells relative to the nteurones. Figure 4 shows the results obtained in a patient in whom computerised axial tomography (1976) . We must underline that we have not had the opportunity of studying epileptic patients (only a few patients had had fits, and no fits occurred during an investigation). Increases of H2 10 circulation activity in a lesion were found to parallel the angiographic and neurosurgical findings of increased blood supply. An example of this is shown in Fig. 5 Study ofregional cerebral mietabolism? and bloodflo i! relationships in m1an 7 'visualise" areas of clinically silent cerebrovascular insufficiency, where a reduction in circulatory activity was not accompanied by, or was greater than the reduction in metabolic activity. This was observed in asymptomatic cases who had previously presented with transient ischaemic attacks, an example of which is shown in Fig. 6 . In this case, the impairment of H2150 circulation activity was larger than that of the H2150 metabolism activity. The slight decrease in metabolic activity in the parietal region indicated that no definite lesion had occurred and this was confirmed by the patient's neurological history. However, an ischaemic region, where there is preserved neuronal activity coupled with a decrease in the blood supply, indicated that the cerebrovascular insufficiency had not caused neuronal damage. Corresponding to the decrease in the PR there was an increase in the OER.
The reverse pattern-that is, unaffected flow but reduced metabolism-was observed in "stroke" patients with a normal angiography. Figure 7 shows the distributions obtained in a patient in whom computerised axial tomography had demonstrated an infarct in the left frontotemporal region. The H2150 metabolism shows a definite triangular area of decrease in the frontal region extending downward to the temporal pole. In contrast, the H2150 circulation image shows no defect, and provides evidence of a relative luxury perfusion situation where there is an demonstrates that the arterial recirculation of the metabolically produced labelled water does not appear to affect significantly the resolution that this technique has for demonstrating metabolic defects.
The general comparison between the present technique and the other neuroradiological examinations proved it satisfactory in detecting and locating lesions and in assessing their size and shape. However, the important aspect of these studies is not detection of lesions but investigation of the effect of lesions on cerebral metabolism and blood flow. A preliminary report on the use of this method to assess the effect of radiotherapy on cerebral tumours has already been published by Jones et al. (1976b) . The non-invasiveness of the method allows examination of patients such as those with Parkinson's disease in whom such investigations as carotid catheterisation are usually unjustified. This particular aspect is exemplified in Fig. 8 . This patient had a two year history of a very mild right extrapyramidal disease which required only anticholinergic treatment to obtain a good control. Surprisingly, a large impairment particularly in the H2150 metabolism uptake was detected in the left hemisphere which was contralateral to the side presenting the extrapyramidal signs. In this case the right hemisphere study showed fairly normal distributions with no mismatching of metabolism to perfusion (Fig. 8) . The frequency of such aspects in extrapyramidal disorders as seen when using this technique is of interest and justifies a more intensive investigation of this partiCular group of patients.
There was concern that the superimposition of the (Jones et al., 1976a) . This low interference was substantiated in those cases in our series which presented a metabolic lesion with preserved blood flow (Fig. 7) . The analogue and digital distributions of H2150 metabolism and H2150 circulation obtained are in addition to regional and structural physiological differences dependent on the brain's geometry. In our normal series the regional variations were found to be sufficiently consistent to enable the identification of pathological features. The ratio between the H2150 metabolism distribution and H2150 circulation produces the distribution of the OER which is largely independent of the brain's geometry (equation 3). This ratio represents the balance between the metabolic demand (CMRO2) and the blood supply (CBF), and is, therefore, a direct expression of the physiological condition of the nervous tissue. A striking outcome of the application of this approach to a neurological population has been the positive demonstration of instances of true cerebrovascular insufficiency that is, a situation of low flow with preserved metabolic activity, and of relative luxury perfusion where there is normal flow but reduced regional metabolism. These situations until now have been only indirectly inferred. In addition, unsuspected impairments have been observed in neurological patients such as those with extrapyramidal disorders which, to date, not being ethically suitable for invasive investigation, were only evaluated with clinical examination. No evident increase in regional metabolism was observed, in contrast to recent experimental observations (Reivich, 1976 unpublished), but it should be emphasised that the present technique detects only aerobic glycolytic metabolism.
The main limitation of this work has been the lack of absolute quantitative measurement of regional CMRO2 or CBF. The theory indicates that suchI parameters may be extracted from the steady state uptake of H2'50 metabolism and H2150 circulation provided quantitative regional uptake measurements are performed and related to the corresponding arterial blood concentrations (Jones et al., 1976a) . This is technically difficult when using a conventional Anger camera, and is best performed with imaging devices which employ positron-coincidence detection. Tomographic emission studies of cerebral uptake would eliminate the superimposed position of tissue signals, and hence greatly advance the method by virtue of improved detection contrast. The most practical technical approaches to both quantitation and tomography would appear to be either the PETT system developed by Ter-Pogossian et al. (1975) or the Positron camera of Brownell (Brownell and Burnham, 1972; Hoop et al., 1976) . It should be emphasised, however, that, even when these sophisticated devices are used, arterial sampling will be necessary to obtain absolute regional CMRO2 or CBF values.
The acceptability of this non-invasive method is underlined by the fact that out of more than 100 patients studied, only one refused to cooperate. Therefore, it seems logical to speculate upon a larger application to the complete spectrum of neurological and psychiatric disorders. The modifications of the distributions observed in old normal subjects indicate that this approach could be relevant in the investigations of aging processes. A logical progression of our approach would be the evaluation of therapeutic agents in neurological disorders (Jones et al., 1976b) . In particular, our demonstration of ischaemia is a positive example where an objective assessment of therapy could be obtained.
